Abstract-Recent studies suggest that activation of the sympathetic nervous system either directly or indirectly influences cerebrovascular tone in humans even within the autoregulatory range. In 6 healthy subjects (aged 29Ϯ4 years), we used transcranial Doppler sonography to determine cerebral blood flow velocity during sympathetic activation elicited through head-up tilt (HUT) and sympathetic deactivation through ganglionic blockade. PaCO 2 was manipulated through hyperventilation and CO 2 breathing (5%). With subjects in the supine position and during HUT, mean arterial pressure was not influenced by PaCO 2 . During ganglionic blockade, mean arterial pressure decreased markedly with hyperventilation (Ϫ13Ϯ1.9 mm Hg). Manipulation of sympathetic tone elicited only mild changes in cerebral blood flow (64Ϯ5.8 cm/s supine, 58Ϯ4.9 cm/s upright, and 66Ϯ6.2 cm/s during ganglionic blockade; Pϭ0.07 by ANOVA). The slope of the regression between PaCO 2 and mean velocity was 1.6Ϯ0.18 cm/(s ⅐ mm Hg) supine, 1.3Ϯ0.14 cm/(s ⅐ mm Hg) during HUT, and 2.3Ϯ0.36 cm/(s ⅐ mm Hg) during ganglionic blockade (PϽ0.05). Spontaneous PaCO 2 and ventilatory response to hypercapnia were also modulated by the level of sympathetic activity. Changes in sympathetic tone have a limited effect on cerebral blood flow at normal PaCO 2 levels. However, the sympathetic nervous system seems to attenuate the CO 2 -induced increase in cerebral blood flow. This phenomenon may indicate a moderate direct effect of the sympathetic nervous system on the cerebral vasculature. Furthermore, sympathetic activation tends to increase ventilation and thus can indirectly increase cerebrovascular tone. (Hypertension. 2000;36:383-388.)
T he ability to assume the upright posture depends crucially on sufficient perfusion of the brain. 1, 2 Blood flow to the brain can be influenced through adjustments in systemic hemodynamics (ie, perfusion pressure) or through local vascular modulation (ie, cerebral autoregulation). 3 Thus, impaired adjustment of systemic hemodynamics or disordered regulation of cerebrovascular tone could contribute to cerebral hypoperfusion with standing. An example of the former is the profound orthostatic hypotension seen in autonomic failure patients, which leads to cerebral hypoperfusion as the decrease in blood pressure (BP) exceeds the autoregulatory capacity of the brain. 1, 4 On the other hand, the concept that impaired local regulation of cerebrovascular tone can also lead to cerebral hypoperfusion with standing is supported by recent findings in patients with orthostatic intolerance. [5] [6] [7] [8] These patients experience typical symptoms of cerebral hypoperfusion when they stand, and these symptoms are associated with excessive reductions in cerebral blood flow velocity despite maintenance of arterial BP. 6 This cerebral vasoconstriction is attenuated either by interventions that blunt sympathetic activation or by ␣-adrenoreceptor blockade. 7 These observations suggest that activation of the sympathetic nervous system either directly or indirectly influences cerebrovascular tone in humans even within the autoregulatory range.
We therefore tested the hypothesis that in normal control subjects, activity of the sympathetic nervous system influences control of the cerebral circulation. We used head-up tilt (HUT) and complete N N -cholinergic blockade of autonomic ganglia 9, 10 to elicit sympathetic activation and deactivation, respectively. Because of the importance of arterial carbon dioxide concentrations (PaCO 2 ) on cerebral blood flow, we also explored the possibility that the effects of the autonomic nervous system on cerebral hemodynamics were mediated indirectly by changes in PaCO 2 levels or by modulation of the vascular effects of carbon dioxide. For this purpose we measured the relationship between PaCO 2 and cerebral blood flow at each level of sympathetic activity. We widened the range of PaCO 2 levels, using increased ventilation to induce hypocapnia and increasing inspiratory CO 2 to induce hypercapnia.
Methods

Subjects
We studied 6 healthy volunteers (4 male, 2 female; age, 29Ϯ4 years; weight, 73Ϯ6 kg; height, 176Ϯ5 cm). Written informed consent was obtained before study entry. All studies were approved by the institutional review board of Vanderbilt University.
Protocol
Four days before study, volunteers were on a diet free of substances that could interfere with catecholamine measurements.
The subjects lay down on a motorized tilt table. Two catheters were placed in large antecubital veins. Heart rate (HR) was determined by ECG. Respiration was determined by a turbine flowmeter that was attached to a tightly fitted face mask. The face mask was connected to an open breathing circuit to allow manipulation of inspiratory gases. BP was measured by an indwelling catheter in the radial artery. Arterial blood gases were determined continuously by a blood gas sensor that was introduced through the arterial catheter (Paratrend). Cardiac output was determined by impedance cardiography according to Sramek's formula. 11 To prevent excessive hypotension during trimethaphan infusion, we infused 500 mL normal saline before testing. The infusion was continued at 100 mL/h during testing.
BP, HR, and cerebral blood flow velocity were determined in the supine position, during HUT to activate the sympathetic nervous system, and during complete ganglionic blockade with trimethaphan to interrupt sympathetic and parasympathetic nerve traffic. During these different grades of sympathetic activation, we determined responses to hypocapnia elicited by hyperventilation and to hypercapnia. The order of these interventions was alternated in every other subject to account for habituation to the procedure (Figure 1 ).
Head-Up Tilt
To limit the duration of HUT, we performed 2 tests with a recovery period of Ϸ20 minutes in between. After baseline recordings in the supine position were taken for 6 minutes, subjects were tilted to 60°H
UT. After stabilization of BP and HR, recordings were obtained for 6 minutes during normocapnic conditions. After this period, subjects either hyperventilated or were exposed to hypercapnic conditions.
Hypocapnia and Hypercapnia
A random breathing protocol lasting 6 minutes was used for hyperventilation-induced hypocapnia. Subjects' breathing was paced by a graphic pattern on a computer screen that illustrated breathing duration breath by breath. Hypercapnia was elicited by giving 5% carbon dioxide over the open breathing circuit. Venous plasma catecholamines were determined in the supine position, during HUT, and during complete ganglionic blockade. Hypocapnia and hypercapnia were maintained for 6 minutes each.
Complete Ganglionic Blockade
Ganglionic blockade with trimethaphan (Cambridge Pharmaceuticals) was achieved as described previously. 9, 10 Bolus doses of phenylephrine were given during to assess completeness of blockade. Once complete ganglionic blockade was accomplished, a phenylephrine infusion was titrated to return BP to the baseline level.
Transcranial Doppler Sonography
The right middle cerebral artery (MCA) was insonated through the temporal window with a 2-MHz probe (Pioneer, EMD) that was maintained at a constant position by a headset. Pulsatility index (systolicϪdiastolic/mean velocity) was used as indicator of resistance. 12 Cerebrovascular resistance index was calculated as mean BP divided by the corresponding mean flow velocity. 13 At least 5 PaCO 2 values and the corresponding mean velocities during spontaneous breathing, hyperventilation, and hypercapnia were plotted for each subject and analyzed by linear regression analysis. This regression analysis was performed separately for the supine position, HUT, and ganglionic blockade. In each subject, the linear regression equation was used to adjust mean velocity to a PaCO 2 of 40 mm Hg.
Statistical Analysis
All data are expressed as meanϮSEM. ANOVA testing for repeated measures was used for multiple comparisons. The Friedman test was used for comparison of nonparametric data. A value of PϽ0.05 was considered statistically significant.
Results
Spontaneous Breathing
Mean arterial pressure (MAP) in the supine position was 93Ϯ4.1 mm Hg and did not change with HUT (90Ϯ1.9 mm Hg). With trimethaphan, MAP decreased to 73Ϯ1.2 mm Hg (PϽ0.01). Phenylephrine at an infusion rate of 0.38Ϯ0.08 g/min returned MAP to the baseline value before blockade (92Ϯ2. At similar perfusion pressures, mean MCA velocity was 64Ϯ5.8 cm/s supine, 58Ϯ4.9 cm/s upright, and 66Ϯ6.2 cm/s during ganglionic blockade and phenylephrine (Pϭ0.07 by ANOVA) (Figure 2) . Mean MCA velocity during ganglionic blockade but without phenylephrine infusion was 61Ϯ5.9 cm/s (PϭNS compared with baseline). Regional cerebrovascular resistance was 2.2Ϯ0.2 supine, 2.2Ϯ0.19 upright, and 2.0Ϯ0.19 during ganglionic blockade and phenylephrine (PϭNS). Pulsatility index was 0.65Ϯ0.058 supine, 0.66Ϯ0.060 upright, and 0.57Ϯ0.039 during ganglionic blockade and phenylephrine (Pϭ0.10). The differences in mean MCA velocity at different levels of sympathetic tone were decreased after adjustment to a PaCO 2 of 40 mm Hg (61Ϯ6.9 cm/s supine, 58Ϯ7.8 cm/s upright, and 62Ϯ5.1 cm/s during N N -cholinergic blockade; PϭNS).
Hyperventilation and Hypercapnia
With hyperventilation, PaCO 2 decreased to 26Ϯ1.2 mm Hg in the supine position, to 23Ϯ1.0 during HUT, and to 29Ϯ1.2 during ganglionic blockade (PϽ0.05 by ANOVA). The difference in PaCO 2 was explained by differences in minute ventilation (26Ϯ1.2 L/min supine, 29Ϯ1.2 L/min during HUT, and 21Ϯ3.3 L/min during ganglionic blockade; PϽ0.05 by ANOVA). Elevating inspiratory CO 2 to 5% resulted in an increase of minute ventilation to 16Ϯ1.8 L/s while supine. This respiratory response to hypercapnia was enhanced during HUT, to 18Ϯ1.9 L/s. A blunted response was observed during ganglionic blockade (13.0Ϯ2.70 L/s) (PϽ0.05). The differences in respiratory response to 5% CO 2 were associated with a trend for PCO 2 to be smaller with sympathetic activation (47Ϯ1.5 mm Hg supine, 43Ϯ1.4 mm Hg during HUT, and 48Ϯ1.1 mm Hg during ganglionic blockade; Pϭ0.09).
With subjects in the supine position, MAP changed 0.2Ϯ5.0 mm Hg with hyperventilation and 2.8Ϯ 1.9 mm Hg during hypercapnia (PϭNS). Similarly, hyper- ventilation and hypercapnia did not change MAP during HUT (Ϫ3.6Ϯ3.0 mm Hg during hyperventilation, Ϫ1.3Ϯ3.6 mm Hg during hypercapnia). During complete ganglionic blockade, hypercapnia had no effect on MAP (5Ϯ3 mm Hg; PϭNS), but hyperventilation caused a decrease in MAP by 13Ϯ1.9 mm Hg (Pϭ0.002). During ganglionic blockade there was a highly significant positive correlation between changes in MAP and changes in PaCO 2 (rϭ0.86, Pϭ0.001) (Figure 4) . HR increased during hyperventilation in the supine position (66Ϯ2.8 bpm during normocapnia, 64Ϯ3.2 bpm during hypercapnia, and 75Ϯ2.8 bpm during hyperventilation; PϽ0.01 by ANOVA). A similar increase was observed during HUT (83Ϯ1.6 bpm during normocapnia, 83Ϯ3.6 bpm during hypercapnia, and 99Ϯ3.9 bpm during hyperventilation; Pϭ0.001 by ANOVA). The change in HR was attenuated during ganglionic blockade (79Ϯ3.2 bpm during normocapnia, 77Ϯ3.0 during hypercapnia, and 83Ϯ3.5 bpm during hyperventilation; PϭNS). Figure 5 illustrates the relationship between changes in PaCO 2 and changes in mean cerebral blood flow velocity in the supine position, during HUT, and during ganglionic blockade. ANOVA testing showed that PCO 2 explained a significant part of the variance of mean MCA velocity. There was a trend for PCO 2 to have a different contribution to the variance of mean MCA velocity in the supine position, during HUT, and during ganglionic blockade (Pϭ0.1 by ANOVA). The slope of the regression between PaCO 2 and mean velocity was 1.6Ϯ0.18 cm/(s ⅐ mm Hg) supine, 1.3Ϯ0.14 cm/ (s ⅐ mm Hg) during HUT, and 2.3Ϯ0.36 cm/(s ⅐ mm Hg) during ganglionic blockade (PϽ0.05 by ANOVA), indicating that the vasodilator effect of CO 2 is attenuated during HUT and augmented during ganglionic blockade. The r values for individual linear regressions ranged between 0.87 and 0.98, with P value Ͻ0.05.
Discussion
Perfusion of the brain is tightly regulated through adjustment of cerebral perfusion pressure and changes in cerebrovascular tone. 3 Systemic BP is the main determinant of cerebral perfusion pressure under most physiological conditions. 3 The autonomic nervous system has a pivotal role in short-term BP control and prevents excessive fluctuations in cerebral perfusion pressure. Even if there are changes in cerebral perfusion pressure, these are compensated for by opposing local changes in cerebrovascular tone (cerebral autoregulation). 3 This mechanism keeps cerebral blood flow relatively constant over a wide range of BP levels. The relationship between systemic BP and cerebral blood flow can be modulated by changes in arterial carbon dioxide concentration, a powerful cerebral vasodilator. 14 The contribution of the autonomic nervous system to the regulation of cerebrovascular tone is imperfectly understood. Impaired autonomic control of the systemic or cerebral circulation, changes in arterial carbon dioxide concentration, or dysfunctional cerebral autoregulation could contribute individually or collectively to cerebral hypoperfusion in the upright posture. In the present study we manipulated sympathetic tone and arterial carbon dioxide concentration to characterize the interaction and integration of these components on cerebral perfusion pressure and systemic BP.
Changes in arterial carbon dioxide concentration elicit complex changes in systemic hemodynamics and thus cerebral perfusion pressure. These changes result from combination of direct vascular effects of carbon dioxide and reflex changes in sympathetic and parasympathetic tone. In the presence of intact sympathetic and parasympathetic control of the circulation, hyperventilation-induced hypocapnia is associated with a small or no decrease in MAP. Yet, forearm blood flow increases Ͼ2-fold. 15 The decrease in systemic vascular tone is compensated for by an increase in cardiac output. 15 The findings of our study show that in healthy young subjects reflex changes in autonomic nervous system activity are sufficient to maintain BP during hypocapnia and hypercapnia even in the upright posture. However, in autonomic failure patients and during ganglionic blockade, baroreflex-mediated regulation of sympathetic and parasympathetic tone is greatly impaired or even absent. 9, 16 Therefore, effects of vasodilators and vasoconstrictors are profoundly enhanced. 9, 17, 18 Thus, modest increases in arterial carbon dioxide concentration elicit an increase in BP, while decreases in carbon dioxide concentration are associated with decreases in BP. 19 A hyperventilation-induced decrease in BP could conceivably decrease cerebral perfusion pressure in autonomic failure patients.
Patients with idiopathic orthostatic intolerance have symptoms on standing that suggest cerebral hypoperfusion and an excessive reduction in cerebral blood flow velocity despite the absence of significant orthostatic hypotension, which suggests cerebral vasoconstriction. 6 The cerebral vasoconstriction with standing seems to be explained in part by excessive sympathetic activation. 7 However, in this study in healthy subjects, neither sympathetic activation elicited by HUT nor complete ganglionic blockade with or without concomitant phenylephrine infusion caused a clinically significant change in cerebral blood flow velocity. Thus, direct sympathetically mediated vasoconstriction of cerebral vessels alone is probably not sufficient to cause symptoms of cerebral hypoperfusion. The findings of our study might suggest, however, that sympathetic activation attenuates the increase in cerebral blood flow during hypercapnia.
Decreased arterial carbon dioxide tension due to augmented ventilation seems to contribute to the postural increase in cerebrovascular tone, at least in subgroups of idiopathic orthostatic intolerance patients. 8 Our study suggests that the association between sympathetic activation and decreased cerebral blood flow is in part explained by changes in ventilation and corresponding changes in arterial carbon dioxide concentration. Sympathetic activation elicited by HUT increased ventilation and decreased PaCO 2 , whereas the opposite occurred during the sympathoinhibition of ganglionic blockade. Moreover, the respiratory response to increased inspiratory carbon dioxide concentration was augmented during HUT and attenuated with complete ganglionic blockade. Increased sympathetic activation in patients with idiopathic orthostatic intolerance may contribute to hyperventilation-induced hypocapnia and thereby indirectly elevate cerebrovascular tone. The effect of sympathetic activity on respiration might be mediated through sympathetic efferents innervating the carotid bodies. 20, 21 An alternative explanation for the relationship is a modulatory effect of afferent nerve traffic from pulmonary stretch receptors on sympathetic neurons in the brain stem mediated through central connections between respiratory and sympathetic neurons. 22 The findings of this study may have clinical implications in patients with impaired orthostatic tolerance. Patients who do not respond to conventional treatments might benefit from interventions that modulate the ventilatory response to upright posture or prevent the effect of increased ventilation on cerebrovascular resistance (eg, acetazolamide).
Potential limitations of our experimental approach should be considered. First, transcranial Doppler sonography is widely used to detect acute changes in cerebral perfusion. 23 However, it actually measures cerebral blood flow velocity rather than cerebral blood flow. Blood flow velocity is directly related to blood flow only if the diameter of the insonated blood vessel remains constant. A moderate change in vessel diameter would translate into a substantial change in blood flow. It is reassuring that the diameter of the MCA changes little with hemodynamic perturbations. 24 Second, ganglionic blockade produced substantial changes in systemic hemodynamics, with a significant decrease in BP and therefore cerebral perfusion pressure. We used phenylephrine infusion to restore cerebral perfusion pressure to baseline levels. Phenylephrine attenuated the decrease in systemic vascular resistance elicited by ganglionic blockade and did not lead to a significant reduction in cardiac output. Phenylephrine might have a mild direct effect on cerebral blood vessels, which is unlikely given the small infusion used in this study. The infusion rate of phenylephrine was kept constant during hyperventilation and during hypercapnia. Thus, carbon dioxide-induced changes in cerebral perfusion could be assessed in the absence of baroreflexmediated changes in autonomic nervous system activity.
We conclude that, during ganglionic blockade, hyperventilation-induced hypocapnia causes a profound decrease in arterial BP, while hypercapnia increases BP. These effects of carbon dioxide are normally masked by the baroreflex. In contrast, changes in sympathetic tone did not have a major effect on cerebral blood flow at normal PaCO 2 levels. However, the sympathetic nervous system seems to attenuate the carbon dioxide-induced increase in cerebral blood flow. This phenomenon may indicate a moderate direct effect of the sympathetic nervous system on the cerebral vasculature. Furthermore, the level of sympathetic activity influenced the respiratory response to hypercapnia as well as the level of PaCO 2 achieved at a given concentration of inspiratory carbon dioxide. In hyperadrenergic states such as idiopathic orthostatic intolerance, the symptoms of cerebral hypoperfusion on standing may be related to a combination of increased ventilation causing hypocapnia and increased sensitivity of cerebral vessels to decreased arterial carbon dioxide concentration.
